Results of present studies on the stratigraphic levels and the paleontological analysis of tenestrial vertebrate fossils in the Ryukyu islands fumish valuable clues and considerations as to the history and age of animal migration from the continent to its neighboring islands. To date, four diagnostically different stratigraphic levels containing Late Miocene to latest Pleistocene vertebrate fossils have been delineated in the islands. Geotogical and paleontological data suggest that the area of the Ryukyu Islands has been repeatedly connected to the Asiatic Continent and each land connection has been followed by migration of characteristic terreshial vertebrates from the continent.
important paleontological fields in the world as far as insular animal evolution is concerned. It offers abundant occurences of fossils as well as a spectacular diversity of extant endemic species, whose ancestors were escaped extinction during the latest Pleistocene.
To date, the Ploistocene deposits in the Ryukyu Islands have yielded trumerous characteristic fossils of terestrial vertebrates that migrated from continental Asia to the islands during several periods of temporary land connection (mostly Pleistocene). Among vertebrate fossils, the descendants of large mammals (deer and elephant ) were isolated in the islands for more than 1.5 million years, and in the process, became the major components of the Ryukyu's characteristic fossil fauna. These "- ( (O; fossil, O; living, @; fossil and living). Abbreviations: YNG; Yonaguni Is', IRO; iriomote Is., ISG; Ishigaki Is., MYK; Miyako Is., OKN; Okinawa Is', TKN; Tokunoshima Is., AMM; Amami-oshima Is., YK; Yakushima Is., TN; Tanegashima Is' taxa became extinct near the end of the latest Pleistocene; however, other medium to small-sized mammals (wild rabbits and rats), amphibians (frogs and newts) and reptiles (turtles, snakes and lizards) have survived in the islands, forming the present endemic faunas (Ota, 1998) . Based on the distribution of these endemic species, the zoogeographical boundary known as Watase Line was drawn along the Tokara Strait (Okada, lg27 Suzuki, 1975; Hasegawa, 1980. 2) Age of the highest sea level of Last Intergracial age in Japan. 3) Kaneko & Ito, 1gg5. 4) otsuka, MS. 5) Honda et al., !gg3, 1994; Kaneko & Ito, 1995 . 6) Natori, 1976 Ujiie, 1985; Nakagawaet al., L9g2; Saito, 1.984; Tanaka & Ujiie, 1984 (first appearance ofGl. truncatrinoides). of this line (Central and South Ryukyu) are characterizedby endemic animals including the Amami rabbit (Pentalagus furnessi), two native rats (Rattus legata, Tbkudaia osimensis), wild cat (Felrs iriomotensis) and a poisonous snakes. They show striking differences from animal assemblages found on the northern side of the line (North Ryukyu and mainland Japan). It is due mainly to these dissimilarities that the zoogeographic boundary between the Palearctic and Oriental regions (Wallace, 1876) was drawn along this line (Brauns, 1884; Okada, 1927) , thus subdividing the Ryukyu Islands.
To know the origin of the terrestrial vertebrates of the Ryukyu Islands, geological and paleontological data are indispensable. In the Ryukyu Islands, terestrial vertebrate fossils occur in four major stratigraphic levels (Otsuka, 1998) In the Ryukyu Islands, marine deposits of the Middle to Late Miocene are scarcely known. This implies that the Ryukyu Islands and its surrounding sea area might had been exposed above the sea level and possibly been connected to the southern part of Asia during that period (The First Land Connection).
The Shimajiri Group, which comprises mainly offshore marine mudstones and sandstones, occurs in the islands of the Central and South Ryukyus and on the surrounding sea floor (Hanzawa, L935;  Aiba & Sekiya, 1979). On Miyako Island, this group is exposed in a narrow area along the northeastern margin of the island. It is composed mainly of mud and sand layers and attains a maximum thickness of more than 600 meters. The planktonic foraminiferal zones ranging from NL6 to N22 in Blow's (1969) scheme have been delineated this group (Ujiie & Oki, 1974) . From these data, the Shimajiri Group in Miyako Island can be dated to the Iste Miocene to Early Pleistocene.
On Miyako Island, a molar of Tiilophodon sp. was recorded in the lowest level of the Shimajiri Group Q*vel 1) (Hasegawa et al., 1973) . This is the first occurence of Stegodontinae in the Ryukyu Islands, which implies that the late Miocene Ogawa Fauna (Shikama and Otsuka, 1971) , known from mainland Japan, is traceable also in the South Ryukyus (Otsuka, 1983) . The migration probably took place during the time of the First Land Connection' I*vel2(Early Pleistosene; ca. 1.5 -1.3 Ma) and the Second Land Connection:
During the Early Pleistocene, the Ryukyu Islands were connected to Asian mainland, forming a peninsula like "landspan"(Itunalde-Vinent & MacPhee, 1999) extending eastward from north Taiwan' However, this "Ryukyu Peninsula" did not connect to either mainland Kyushu or the Osumi insular group (the islands of Tanegashima and Yakushima) (the Second l:nd Connection) (Kizaki & Oshiro, 1977; Kimura,l966a, b) . This land configuration is supported by recent discoveries ofterrestrial vertebrate fossils in Okinawa Island. 1) In Okinawa island, the Early Pleistocene terrestrial vertebrate assemblage known as the Imadomari-Akagimata fossil assemblage (Otsuka, 1.998) occurs in the shallow marine and lacustrine deposits of the Haneji Formation (Noda, 1971) underlying the Early to Middle Pleistocene Ryukyu Group (kvel 2 ). This Haneji Formation is typically distributed in the environs of North of Nago City, Motobu Peninsula of the island, and nearly corresponds to the Nakoshi Sand of MacNeil (1960) .
The bone bed was dated as 1.5 + 0.3 Ma by fission-track method. This assemblage, which is considered to be the oldest fauna of terrestrial vertebrates in the Ryukyu Islands, includes the ancrstral form of the endemic Ryukyu deer (Cervus astylodon = Ryukyu-deer), Muntiacw sp., large rodent (= Leopoldamys n. sp.), turtle (= ?Mauremys sp.) and land snakes (Trimeresurus sp. and ?Dinodan sp. ).
Furthermore, there is a very fair possibility of wild boar (Sus sp.) yield in Level 2, judging from the occurrence of isolated pig molars in float.
The descendants of animals in this stage are represented by Ryukyu deer (= Cewus astytodon) which flourished over the entire Ryukyu Islands during Pleistocene and finally became extinct some time in the late Pleistocene. Despite this, many other terestrial vertebrates have survived and are still living in the islands including an endemic wild boar (Sus riukiuanus) and snakes (Trimeresurus and Dinodon).
The Imadomari-Akagimata fossil assemblage, also described as the Cervus astylodon-Leopoldamys fauna, is closely related to either the late Pliocene vertebrate fauna of Renzidong in Fanchang, Anhui Province (Jin & Zheng,1998; Jin et a1.,1999; Huang, 199g, 1999) Migration of the Wushan or the Renzidon fauna from central China to the Ryukyu Islands possibly took place during the Second Land Connection through the "Ryukyu Peninsula". However, paleontological data showed that the Cervus astylodon-Leopoldanys fauna and other terrestrial vertebrates of the Middle to Late Pleistocene were not able to cross the Tokara Strait 1= Tokara Gap). In other words, the Watase Line was already fixed in the area of Tokara Strait before the anival of the C-astylodon-Leopoldnmys fauna in the Amami insular groups during the Early Pleistocene (Otsuka & Kuwayama,2000) .
2) The Ishikawa's frog (= Rana ishikawae) is one of the endemic amphibians that inhabit the islands of Okinawa and Amami-oshima. Recently, a fossil of this species together with a number of fossil fishes, mammals and plants (otsuka & Nakamura, 1990; otsuka & Noro, 1990;  otsuka, 19fr; Yabumoto & Ueno, 1990; Uemura, 1990; Otsuka & Kuwayama,2nO) Kuwayama' 2000) . In other words, the migration of the ancestor of the Ishikawa's frog from Amami-oshima to the Tanegashima area could have occured just before the fixation of Watase Line during the early Early Pleistocene. This is in good agreement with the geological evidence that there were notable regression phases around the Ryukyu Islands from the l,ate Pliocene to Early Pleistocene after the sedimentation of the Shimajiri Group.
3) Moreover, in the southern extremity of Okinawa Island, a molar of an elephant described as Paleoloxodon? sp. (Nohara & Hasegawa, 1973) , has been recorded from the Middle Pleistocene Naha Limestone, lower part of the Ryukyu Group. As pointed out by the original authors, the molar is incompletely preserved, and therefore a precise account of its position in Elephantidae is nearly impossible. However, Kamei & Otsuka (1981) regarded it as archetypal mammoth (Matnmuthus), common genus in the Early Pleistocene of mainland Japan and Taiwan. Although this molar was embedded in the limestone as "gravel", it is possible that the elephant could have migrated to the island of Okinawa from the north before the appearance of the Tokara Gap (= Watase Line ) , which is the product of marine transgression that formed Ryukyu Coral Sea. Nso, Mammuthus from the Late pleistocene cave deposits on the island of Miyako (Irvel 4) may be considered as descended from the early immigrants that migrated southward during the Early Pleistocene, together with ancestors of the Okinawan elephant.
Level3 (late Middle Pleistocene; ca. 0.18 -0.13 Ma) and the Third Land connection:
In Kume Island of the Okinawa insular group, molars of Dicrocerus? sp. have been identified in shallow marine deposits formed probably at the time when the sea reached its highest level during the Middle Pleistocene (ca. 0.012 Ma) . This is the first recorded appearance of this deer in the Ryukyu Islands. In addition to fossils of giant tortoise (Manouria sp.), two kind of box turtles (= Cistocletnmys sp., Cuora sp.) and Geoemyda japonica also occur in latest Pleistocene fissure deposits in Okinawa and Amami insular group. From this reason, they are considered as members of the Cervus astylodon-Manouria fauna. Since these chelonians have never been discovered in Level 2, therc is a large possibility that Dicrocerus? sp. and land tortoise endemic to the Ryukyu Islands could have migrated from the continent to Central Ryukyu through "Ryukyu Peninsula" but could not cross the Tokara strait (Tokara Gap).
Kizaki & Oshiro (L977) and Kimura (1996a,b) summarized concepts of crustal movement and land configuration in the environs of the Ryukyu Islands at the end of the Middle Pleistocene as follows: Due to regression and uplifting of the Ryukyu Coral Sea during the Middle Pleistocene, the area of the Ryukyu Islands was widely exposed above sea level, and the Yaeyama insular group were connected to the lowland area of South China through Taiwan. This resulted in the formation of a long and narrow peninsula extending to the Okinawa insular group, but not as far as the Amami insular group in Central Ryukyu. During the latter half of this event, an intense block movement called the "Ulma Movement" occurred in the Ryukyu Islands area, resulting in the formation of the Kerama gap (Okinawa Quaternary Research Group, 1976) .
Judging from the occurrence of Dicrocerus? sp. and endemic to the Okinawa insular group as Manouria sp., Geoemyda japonica (= Ryukyu-yamagame), Cistoclemmys sp. and Cuora sp. could have migrated from the continent to Central Ryukyu through the "Ryukyu Peninsula" before the formation of the Kerama gap but could not reach the Amami insular group beyond the Tokara Gap . I-evel 4 and the Fourth Iand Connection (latest Pleistocene; ca.0.26 -0.15 Ma; Wiirm glacial):
The fossils of terrestrial vertebrates from Level 4 are commonly found in the Late Pleistocene fissure and cave deposits developed in the Early to Middle Pleistocene Ryukyu Group (limestone, sand and red clay) in the Ryukyu Islands. They are more abundant and well preserved than vertebrate fossils found in other levels. More than 100 fossil localities are known in the islands of the Central and South Ryukyus, ranging geographically from Yonaguni in the Yaeyama insular grcup to Tokunoshima in the Amami-oshima insular group (Oshiro & Nohara, 1977; Otsuka & Hasegawa, 1973; Otsuka, 1980 Otsuka, , 1990 Tomida & Otsuka, 1993; Oshiro, 1994, etc. \. The fossils of terrestrial vertebrates from this level have different antecedents in each island and their differences presumably reflect from varied environmental conditions during each stage of land connection.
Te[estrial vertebrate assemblages in the Central Ryukyus (Okinawa and the Amami insular groups) are possibly descendants of propagules that migrated from the continent to the islands at the time of third and fourth land connections. They are grouped as the Cervus astylod.on-Manouria fauna (Otsuka, 1998) . Those fossil assemblages found in the South Ryukyu (Miyako and Yaeyama insular groups), on the other hand, can be considered as mixed faunas comprising the descendants of the Early to Middle Pleistocene immigrants and other animal assemblages at the time of the Fourth Land Connection in the Late Pleistocene.
Also during the Late Pleistocene, the area of the South Ryukyu (Yaeyama and Miyako insular groups) was connected to the marginal lowland area of the Asian mainland through North Taiwan (Kimura, 1996a,b) . By this land connection, mammals of woodland and grassland habitats (Sus scrofa) migrated to South Ryukyu accompanied by other group of mammals (Felrs sp., Capreolus miyaleoensis, Microtus fortis, etc.) that migrated southward from northeastern Asia (Hasegawa, 1985;  Hayashi, L985; Kaneko, 1985; Kawashima et al., 1985;  zhen & Hasegawa, 19g5 ) and eventually mixed with other earlier immigrants (Mammuthus shigensis, Rattus legata, C. astylodon). This group of immigrant taxa resulted in the formation of a characteristic fossil assemblage of Miyako vertebrates that could not reach Okinawa Island because of the existing the Kerama Gap. 1) In Okinawa, Ie and Kume of the Okinawa insular group, there are a number of fossil sites containing terrestrial vertebrates that belong to Level 4. In particular, numerous fossils of mammals, reptiles, amphibians and birds have been collected from fissure and cave deposits developed in limestone rocks (Oshiro & Nohara, 1977; Hasegawa & Oshiro, L981; Oshiro, 1994; Nohara et al., L997, L999) .
As a whole, the vertebrate fossil assemblages from these islands may be regarded as the Cervus astylodon-Manouria fauna (Otsuka, 1998) and are inferred to be mixed assemblages of animals having different antecedents. That is to say, the originators of various lineages migrated to the island during the period of the second and third land connections.
The Minatogawa vertebrate assemblage is representative fossil from Level 4 in the Okinawa H, Orsure & A. TaTaHASHI Island. This assemblage includes Minatogawa man, excavated from fissure deposits exposed at the Minatogawa quarry in southeast Okinawa (Suzuki, 1975; Suzuki & Hanihara, L982, Hasegawa, 1980) . 14C radiocarbon ages of the fossil beds are 18,250 t 650 y.B.P. and 16,600 t 30 y'8.P., for Minatogawa vertebrates and Minatogawa man, respectively. These dates correspond to the Wiirm pleniglacial in the Late Pleistocene. The assemblage is a C. asrylodon'Manouria fauna with wellpreserved fossil of a variety of endemic vertebrate, including bats, rodents, birds, squamates, tortoises and frogs now living in Okinawa. 2) The island of Tokunoshima in the Amami-oshima insular group has yielded characteristic fossils of terrestrial vertebrates represented by deer and a few other small mammals. They were excavated from the Latest Pleistocene fissure deposits developed in a Ryukyu Limestone sea cliff located in southwest Tokunoshima (Otsuka et al., t98l) . This assemblage type was identified as the Kojima vertebrate fossil assemblage by Otsuka (1990) , and is composed primarily of the Ryukyu deer (= Cewus astylodon ), Arnami-rabbit 1= p"n orotus furnessi), two kind of wild rats endemic to the Amami-Oshima (= Diptothrix legata, Tokudaia sp.) and a chelonian (= Manouria sp.). The Dicrocerus ? sp. , which commonly occurs in Late Pleistocene fissure deposits in the Okinawa insular group, is not yet discovered from Tokunoshima. Based on paleontological evidence, it is concluded that the Kojima vertebrate fossil assemblage belongs to the Cervus astylodon-Manouria fawa that migrated to the Central Ryukyu (Okinawa and Amami insular groups) via South Ryukyu during the Early Pleistocene.
Furthermore, bones of C. astylodon in this assemblage are much smaller than those from the Okinawa insular group (Otsuka, 1990) . Dwarfism of the deer in Tokunoshima could have begun after the separation of Tokunoshima from the Okinawa insular group during the Middle Pleistocene marine transgression that formed the "Ryukyu Coral Sea".
3) In addition, two upper molars of elephants have been recorded from the Late Pleistocene cave deposits at Tanabaru, Ohnogoshi in Miyako Island. They were named, respectively, d. Paleoloxodon namadicus and Paleoloxodon sp. by Tokunaga (19a0) and Otsuka (1941) . Due to the paleontological importance of these reports, Japanese paleontologists have expressed varied opinions concerning the systematic position of the fossil molar specimens from Tanabaru. Kamei (1970) regarded them as assignable to the Elephas meridionalis-E. trogonthrii group. Recently, Otuka (1'996) claimed that the molar specimen reported by Tokunaga (1940) is referable to Mammuthw shigensis (Matsumoto & Ozaki), a species that is common in the Early Pleistocene deposits in the Japanese Islands. Judging from the known range of Mammuthus shigensis in the Japanese Islands (Kamei & Otsuka, 1981) , it is possible to that the Late Pleistocene Mammuthus of Miyako and Okinawa Islands are relics of the Early pleistocene species originally from mainland Japan, which migrated to the other islands only at the time of the Second land Connection.
DISCUSSION
As mentioned above, a total of four stratigraphic levels in Ryukyu Islands have yielded fossils of tenestrial vertebrates. Those levels which yield diverse animal assemblages suggest several episodes of land connection between the continent and the islands. Others, yielding a more restricted number of taxa, seems to be composed either of occasional immigrants from the continent during periods of limited land connection, or declining populations of relic faunas related to proceeding land connections. Abundant fossil faunas are represented by the Imadomari-Akagimata fossil assemblage (I*vel2) and the Miyako vertebrate assemblage (Hasegawa, 1980) of South Ryukyu (Irvel 4). These have more diverse and abundant species compared to Level 3 assemblage, which are relatively limited. Kimura's (1996a, b) hypothesis explains the mode of changing land configurations in the area of the Ryukyu Islands based on geological data of the islands themselves as well as surrounding 0.5-0.20 Ma middle Middle Pleistocene 0.03-0.01 Ma late Late Pleistocene submarine geology. According to his hypothesis, the Ryukyu Islands formed a long and narrow "Ryukyu Peninsula" stretching northeastward from north Taiwan to the northern end of Central Ryukyu (the Amami insular group) after the last continental stage during Plio-Pleistocene time. This feature was terminated by the formation of the " Ryukyu C.oral Sea" (Kizaki & Oshiro, 1997) at the time of the Middle Pleistocene marine transgression. Furthermore, in the late Middle Pleistocene, the Ryukyu Islands formed the "Ryukyu Peninsula" when the South and Middle Ryukyus were separated by the Kerama Gap.
Kimura's hypothesis is a significant tool to explain the age of migration of the terrestrial vertebrates known in Pleistocene fossil levels in the Ryukyu Islands. Important interpretations are as follows: l. At an early stage in the Second Land Connection (Latest Pliocene to Early Pleistocene), the Ryukyu Islands were part of the northeastern marginal area of Asia. During this age, the ancestral forms of the Ishikawa's frog and Mammuthw could have migrated through this marginal area (Fig.3, A) Fig. 3 
, A)'
In the Middle Pleistocene, the peninsula was extensively transgressed by the "Ryukyu Coral Sea"
, and, for that reason, the terrestrial vertebrates moved toward the highland area of islands of Iriomote, Ishigaki, Okinawa, Tokunoshima and Amami-oshima ( Fig. 3, B )'
3. In the late Middle Pleistocene, the regression of the "Ryukyu Coral Sea" resulted in the creation of the second stage of the "Ryukyu Peninsula", extending from Taiwan to Central Ryukyu. Over this land connection, Manouria sp., Cistoclemmys sp. and Dicrocerus? sp' were able to migrate to the "Ryukyu Peninsula" and finally reach the Amami insular group of North Ryukyu (Third Land Connection) ( Fig. 3, C Four stages ofland connection as "migration routes" ofterrestrial vertebrates are proposed (Fig. 3, A-D) in this study, based on the occurrence of fossil vertebrate assemblages from four fossil levels in the Ryukyu Islands.
CONCLUSION
Interpretations and discussions provided above lead to the following conclusions:
1.. In the Ryukyu Islands, fossil assemblages of terrestrial vertebrates occur at four major stratigraphic levels, ranging from the latest Miocene to latest Pleistocene. These fossil assemblages represent successful colonizations by taxa that migrated from the Asian mainland during the past four land connections. 2. The Imadomari-Akagimata assemblage from Level 2 (Early Pleistocene) on
Okinawa island is the oldest and one of the most important Pleistocene fossil assemblages in the Ryukyu Islands. It is considered to be a faunal extension of either the Plio-Pleistocene Renzidon fauna in Anhui Province or the Wushan fauna in Sichuan Province, both located in Central China, components of which migrated to Okinawa islands at the time of the second land connection. 3. Among the vertebrates in the Imadomari-Akagimata,assemblage, the archetypal deer (= Cervus (Metacervulus) flourished in the islands during the Pleistocene, together with other immigrants of the third land connection such as Dicrocerus? sp. and large tortoise (= Manouria sp.). These taxa became completely extinct at the end of Pleistocene (ca. 15,000 years B.P.), after the formation of many morphotypes. It can be said that other animals in this assemblage may serve as the progenitors of the present mammals, reptiles, and amphibians living in the Ryukyu Islands. 
